Plasmid pBR322 was unable to replicate in a temperature-sensitive dnaTI strain at a nonpermissive temperature, whereas a pBR322-derived plasmid carrying the wild-type dnaT+ gene was able to replicate under the same conditions. In contrast to pBR322, plasmid RI could replicate in the dnaTI strain at a nonpermissive temperature. In keeping with this finding, in vitro replication of plasmid Rl did not require DnaT protein.
Plasmid pBR322 was unable to replicate in a temperature-sensitive dnaTI strain at a nonpermissive temperature, whereas a pBR322-derived plasmid carrying the wild-type dnaT+ gene was able to replicate under the same conditions. In contrast to pBR322, plasmid RI could replicate in the dnaTI strain at a nonpermissive temperature. In keeping with this finding, in vitro replication of plasmid Rl did not require DnaT protein.
Replication of bacterial plasmids generally relies on host replication functions (22) . Replication of relaxed-type plasmids, such as pBR322 and ColEl, does not require any plasmid-encoded gene product and depends completely on host replication functions (23) , whereas that of stringently regulated low-copy-number plasmids, such as Rl and F, also requires a plasmid-encoded gene product (Rep protein) (9, 11) .
Host functions involved in chromosomal DNA replication have been inferred from analysis of temperature-sensitive dna mutants. Products of many of these dna+ genes (the dnaB, dnaC, dnaG, ssb, and dnaE gene products [22] ) have been purified and characterized (5) and shown to be essential for plasmid replication. Recently, the host dnaA function has also been implicated in replication of several stringently regulated plasmids (3, 4, 11, 18, 19) .
A temperature-sensitive dna mutant, dnaTl, was isolated as a strain whose stable DNA replication is not induced by SOS signals (8) . Later, protein i, one of the primosomal proteins, was identified as the dnaT gene product (14) . DnaT protein, which is essential for in vitro conversion of 4XX174 single-stranded DNA into replicative form, is also required for efficient replication of pBR322 DNA in vitro (12, 14) . Depletion of DnaT protein from the extract completely blocked lagging-strand synthesis (12) , which indicated that the DnaT protein is essential for lagging-strand synthesis. Minden and Marians (16) also showed that the DnaT protein is required for efficient synthesis of the lagging strand in pBR322 DNA replication in vitro with purified proteins. These in vitro results predict that the dnaT+ function is essential for pBR322 replication in vivo, and this report confirms this prediction. We also show that the dnaT+ function is not required for replication of Ri plasmid DNA either in vivo or in vitro.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli 15 strain UT205 (thyA deoB arg trp metE rpsL dnaTI) was obtained from K. Lark (University of Utah, Salt Lake City). MC1061 [araD139 A(ara leu)7697 AlacX74 galU galK hsr strA] and WM434 (leu-19 pro-i9, trp-25 his47 thyA59 arg-28 met-55 deoB23 lac-1l gal-Il strA56 sal-i hsdSKJ2 dnaA205) are laboratory stocks. pHM6050 (H. Masai and K. Arai, J. Biol. Chem., in press) was constructed by joining a 3.8-kilobase BglII fragment from the mini-Ri plasmid pEO1562 (17) . The deletion removes copB+, a negative regulator of copy number (21) , and results in increased copy number. pMOB45 is a derivative of an Ri plasmid runaway mutant. pBR322 derivatives pHM38, pHM54, pBR322A&8, pHM188, pHM191, and pHM196 have been described previously (12) .
Preparation of DNA. To prepare plasmid DNA, cells were lysed with lysozyme-EDTA, Triton X-100 (0.1%), and deoxycholate (0.2%) and were further treated at 65°C for 10 min to complete lysis. After centrifugation, nucleic acid was precipitated from the supernatant with polyethylene glycol 8000 (10%) in the presence of 1 M NaCl. The precipitate was suspended in 10 mM Tris chloride (pH 7.5)-i mM EDTA containing 100 ,ug of RNase A per ml. To prepare total DNA, cells suspended in 50 mM Tris chloride (pH 7.5)-20% sucrose were lysed with lysozyme-EDTA and 0.5% sodium dodecyl sulfate. After 20 min at 37°C, proteinase K was added to a final concentration of 50 pg/ml, and incubation was continued at 37°C for 20 min, followed by 10 min at 65°C. Samples were vigorously agitated before being loaded on a gel or analyzed by cesium chloride-ethidium bromide equilibrium centrifugation.
E. coli strains were grown in L broth (10) supplemented with thymine (2 or 4 ,ig/ml) and appropriate antibiotics. Conditions for in vitro replication of plasmids Ri (11, 15) and pBR322 (12) have been described. Southern transfers and hybridizations were performed as described previously (10) .
RESULTS
Inability of pBR322 to replicate in a temperature-sensitive dnaTI strain at a nonpermissive temperature. pBR322, pHM4059 (pBR322 carrying the wild-type dnaT+ gene) (14) , and pHM6050 (an Ri plasmid derivative composed of only the basic replicon and a selection marker) were introduced into the dnaTI strain UT205. Each culture was grown at a permissive temperature until early log phase and then divided in half; one portion was kept at 30'C, and the other was shifted to a nonpermissive temperature, 43°C. After 3 h, cells were harvested and plasmid DNA was prepared. Amplification of pBR322 DNA was blocked at the nonpermissive temperature (Fig. 1, lane 3 [3H]thymine incorporation into pl3R322 was almost completely blocked at 43°C, whereas it was detected at 300C under the same conditions ( Fig. 2A and B (Fig. 3B ). This result is consistent with the initial report on the slow-stop nature of DNA replication in the dnaTl strain (6, 8) .
pBR322 deletion derivatives lacking the n' site are replicated very poorly in the dnaTl strain even at a permissive temperature. In ColEl-type plasmids (20, 25) , the presence of an n' site on the lagging strand near the replication origin has led to the suggestion that this site may serve as an origin for lagging-strand synthesis that is initiated by a primosome assembled at the n' site. Indeed, pBR322 deletion derivatives lacking the n' site on the lagging strand are replicated poorly in vitro because of inefficient laggihg-strand synthesis (12) . However, these derivatives can replicate in vivo, albeit with a lower copy number, which indicates that the n' site is dispensable for pBR322 plasmid replication in wild-type E. coli cells (24) . In keeping with this finding, we have shown that pBR322 derivatives lacking the lagging strand n' site do complete one round of DNA replication in vitro, although with much lower efficiency than by the wild-type plasmid (12) . Furthermore, lagging-strand synthesis of these templates is completely inhibited in the absence of DnaT protein, which indicates that DnaT protein is essential for the n' site-independent priming on a lagging strand. On the basis of these results, we have proposed that DnaT protein may play an essential role in an as yet unidentified priming mechanism on a lagging strand without an n' site (12) . If the n' siteindependent, DnaT protein-dependent priming is distinct from primosome-mediated priming at an n' site, one might expect different effects of the dnaTl mutation on replication of pBR322 derivatives without the lagging strand n' site. When pBR322A8 (lacking both n' sites) or pHM54 (lacking only the n' site on the lagging strand) was transformed into the dnaTl strain, the number of transformants was nearly 2 orders of magnitude lower than with wild-type pBR322 (Table 1) . pHM38, lacking only the n' site on a leading strand, gave transformants with an efficiency similar to that of the wild type. When the n' site on phage 4~X174 DNA was introduced into pHM54 or pBR322A8, transformation efficiency increased to the wild-type level (Table 1, pHM191 and pHM196). The same 4X174 n' site, introduced into pBR322A8 in an opposite orientation, did not restore transformation efficiency (pHM188). These results indicate that replication of pBR322 derivatives lacking the lagging-strand n' site is more profoundly affected by the dnaTl mutation. The results also imply that the n' site on the lagging strand of pBR322 is actually involved in replication of pBR322 in vivo.
dnaT+ function is not required for plasmid Rl replication either in vivo or in vitro. The requirement of dnaT+ for replication of pBR322 plasmid DNA but not for replication of Ri plasmid DNA was more clearly shown by preparing plasmid DNA from the dnaTl strain carrying both pBR322 and a mini-Ri plasmid-derivative, pHM6068 (Fig. 4) . pHM6068 continued to replicate at the nonpermissive temperature, whereas pBR322 ceased to amplify after a shift to the nonpermissive temperature (Fig. 4, lanes 9 to 14) . Dispensability of the DnaT protein in Ri replication was also indicated by the insensitivity of Ri replication in vitro to depletion of DnaT protein. When a partially purified replication system, fraction II, was preincubated with an antibody against the DnaT protein, replication of pBR322 was severely inhibited, as reported previously (12) . However, replication of Ri plasmid DNA in the same extract in the presence of purified RepA and DnaA proteins was not pHM4059 (C and D) was grown at 300C in L broth containing ampicillin (50 ,ug/ml) and thymine (2 .Lg/ml). When the OD6 reached 0.2 to 0.3, the culture was divided into two portions; one was kept at 30°C (A and C), and the other was shifted to 43°C (B and D). After growth at each temperature for 90 min, 20 ,uCi of [3H]thymine per ml of culture was added, and incubation was continued for an additional 30 min. Total DNA was isolated from the cultures as described in Materials and Methods, mixed with cesium chloride-ethidium bromide, and centrifuged in a VTi65 rotor (Beckman Instruments, Inc., Fullerton, Calif.) at 55,000 rpm for 12 h. The gradients were collected from the bottoms of the tubes. After addition of 2 ml of 10% trichloroacetic acid to each fraction, acid-insoluble material was collected onto glass fiber filters (GF/C; Whatman, Inc., Clifton, N.J.) and measured by liquid scintillation spectrophotometry. Positions of plasmid (9) and chromosome (t) DNAs are indicated.
affected by preincubation of the extract with the anti-DnaT protein antibody (Fig. 5A) . Rl plasmid DNA can also be replicated in a high-speed supernatant of E. coli cells, fraction I, without exogenously supplied RepA protein (15) . In this system, RepA protein is freshly synthesized from the added template DNA. Anti-DnaT protein antibody had no effect on Rl plasmid DNA replication in fraction I as well, whereas pBR322 plasmid DNA replication in the same fraction I was severely inhibited by the antibody (Fig. SB) . These data demonstrate that the function of the DnaT protein is not required for Rl replication either in vivo or in vitro.
DISCUSSION Although dnaT gene function is essential for the viability of E. coli cells, its role in chromosomal replication is not clear. We have shown that primosomal protein i, which is essential in the prepriming stage of in vitro conversion of 4)X174 single-stranded DNA into replicative form, is encoded by dnaT+ (14) . Although it is not required for reconstituted oriC plasmid replication in vitro, the DnaT protein has been shown to be required for in vitro replication of pBR322 (12, 14, 16) . On the basis of analyses of replication intermediates synthesized in the absence of the DnaT protein, we have concluded that this protein is required specifically for synthesis of the lagging strand of pBR322. The complete dependence of in vitro replication of pBR322 and its deletion derivatives on the DnaT protein predicted that the protein may be required for replication of the plasmid in vivo.
In this report, we have analyzed replication of pBR322 in the dnaTl strain and shown that pBR322 plasmid DNA is not replicated in the mutant strain at a nonpermissive temperature. When a culture of the dnaTI strain harboring pBR322 was shifted to a nonpermissive temperature at early log phase, no detectable increase of plasmid DNA content was analyzed by cesium chloride-ethidium bromide equilibrium centrifugation in a VTi65 rotor at 55,000 rpm for 12 h. Fractions containing covalently closed circular plasmid DNA and chromosomal DNA, located by long-wave UV light illumination and collected from the bottoms of the tubes, were pooled separately and mixed with 10 ml of 10% trichloroacetic acid, and acid-insoluble radioactivity was measured. The ratio of incorporation of acid-insoluble radioactivity at 43°C relative to that at 30°C at each time is presented. (A) Incorporation into plasmid DNA; (B) incorporation into chromosomal DNA. observed ( Fig. 1) , although the OD of the culture continued to increase for five to six generations. Furthermore, very little [3H]thymine incorporation into pBR322 DNA was observed at the nonpermissive temperature, in contrast to increased incorporation at the same temperature for pBR322 carrying the wild-type dnaT+ gene (pHM4059) (Fig. 2) . These results show that the DnaT protein is essential for pBR322 replication in vivo.
The kinetics of inhibition of pBR322 plasmid replication after a shift to the nonpermissive temperature indicates that preincubation at 43°C for about 90 min is necessary for complete inhibition of plasmid replication (Fig. 3) . This finding may simply indicate that the mutant protein is rather stable even at a nonpermissive temperature and that 90 min is required for its inactivation. Alternatively, the DnaT protein may be stabilized at 30°C by association with other proteins, whereas this association does not take place at 43°C. The 90-min delay may have been due to the slow turnover rate of the dnaT complex that was formed at 30°C.
In contrast to pBR322, mini-Ri derivatives used as controls were able to replicate in the dnaTI strain even at the nonpermissive temperature ( Fig. 1 and 4) ; the DNA content of a wild-type mini-Ri plasmid continued to increase after a shift to the nonpermissive temperature, which indicates that the DnaT protein is not required for Ri replication. Consistent with this conclusion, RI replication in vitro, either in a fraction I system or in a fraction II system dependent on h, the number of transformants was counted and presented as the average of three individual platings. As a wild-type control, the same DNAs were transformed in E. coli MC1061 as described above except that the heat shock was at 42°C and only 10 RI was plated. ' Values in the parentheses are ratios of the number of transformants relative to that obtained with pBR322 in each strain.
purified RepA protein, was insensitive to the addition of an anti-DnaT protein antibody (Fig. 5) .
The severe defect in replication of pBR322 derivatives lacking a lagging-strand n' site in the dnaTI strain even at the permissive temperature (Table 1) demonstrates that DnaT protein plays an essential role in replication of pBR322 derivatives without the n' site. This result for the first time implicates the lagging-strand n' site of pBR322 in replication of the plasmid in vivo. Taken together with our previous in vitro results showing that lagging-strand synthesis is completely blocked in the absence of the DnaT protein (12) , these findings strongly suggest that the DnaT protein plays a crucial role not only in the n' site-dependent priming by the primosome but also in the n' site-independent priming on a lagging strand. Since the effects of temperature on the function of the mutant DnaTl protein in the two priming systems are different, the systems may operate by different mechanisms.
On the other hand, the indispensability of the DnaT interact with the DnaA protein in vivo (7) . This finding suggests the possibility that DnaT protein is somehow involved in the initiation stage of chromosome replication. More biochemical and genetic study on the function of the DnaT protein will be necessary to settle these issues. 
